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ABSTRACT

Acoustic measurements have traditionally relied exclusively on sound
pressure sensors. This research investigated the performance of Microflown 3D
hybrid pressure and acoustic particle velocity sensors in a linear array. Each
Microflown sensor has three output channels proportional to the acoustic particle
velocity in the three, nominally orthogonal, directions in addition to an output from
an omnidirectional pressure microphone. The linear array was formed with a
conventional omnidirectional microphone as the center element and two
Microflown sensors located 17.2cm away on either side. The Microflown
acoustic particle velocity channels were characterized first by the amplitude and
phase relationship of their transfer functions relative to their co-located pressure
microphone. The transfer function between the Microflown pressure
hydrophones and the conventional center microphone was also measured. This
enabled the amplitude and phase of all channels to be expressed relative to the
center microphone signal. Beamforming was carried out in the frequency domain
by applying the appropriate weight and phase delay for the desired steer angle.
The bandwidth of the beamformer was limited from about 300Hz to 1.5kHz. At
lower frequencies, insufficient signal to noise limited the coherence required to
establish the transfer functions while at higher frequencies the phase of the
particle velocity transfer functions grew increasingly sensitive to orientation
angle. Experiments carried out in the Naval Postgraduate School Anechoic
Chamber using single and multiple acoustic sources compared extremely well to
the theoretical performance. The addition of hybrid pressure and particle velocity
sensors proved successful in eliminating the bearing ambiguity inherent in a
linear array of omnidirectional sensors with no change in orientation, no

complicated post-processing and no additional time expended.
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INTRODUCTION

Acoustic measurements traditionally relied on sound pressure sensors.
This research investigated the performance of the Microflown 3D hybrid pressure
and acoustic particle velocity sensors in a linear array. These are vector sensors
that provide a directional output for each of the three orthogonal particle velocity
channels in addition to an omnidirectional pressure output. These sensors are
designed for use in air, but the general principles should translate to sensors
designed for use in water. Characterization was performed and transfer
functions were determined in the Naval Postgraduate School Anechoic Chamber.
The characterization consisted of three parts: 1) determining the individual
element beam patterns of the four separate elements 2) determining the effect
changing signal amplitude and aspect had on the responses of each sensor
element and 3) computing transfer functions for each sensor element referenced
to a standard calibrated pressure microphone. The Microflown sensors were
incorporated into a hybrid three-element array with a calibrated traditional
pressure sensor to determine array beamforming performance using single and
multiple acoustic sources. The beamforming routine used linear summation with
directional weighting of the velocity elements to their respective axes of

maximum response.

A traditional linear array using only omnidirectional sensors cannot resolve
bearing to the source in three dimensions upon initial detection. In general
practice, it requires changing the orientation of the array or obtaining a cross fix
from a second search platform in order to resolve the bearing. In the hybrid
array, with the vector sensors adding direction components in three dimensions,
bearing ambiguity is immediately resolved with no change in orientation, no
complicated post-processing and no additional time expended. The hybrid array
resolved bearing to the source well. It was also able to track moving targets.
The linear summing method used showed good ability to discriminate multiple

targets when they were at different frequencies.
1
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IIl.  THEORY

A. BEAMFORMING VELOCITY SENSORS

Figure 1. Hybrid Array Construction and Coordinate System Showing Relative
Sensor Positions

Figure 1 shows the array as constructed, with the inter-element spacing,
d, optimized for a design frequency of 1kHz. Array axes and origin are also
delineated. The beamformer algorithm was implemented in the frequency
domain with a basic linear sum of the complex weighted channels. The only
difference required for accommodating the particle velocity channels is to apply
an additional weighting to take advantage of the directionality of the velocity
elements. Let sensor 1 be the Microflown sensor 323, sensor 2 be the Aco

pressure microphone in the center, and sensor 3 be the Microflown sensor 324.
The elements are designated as follows:

Sensor 1:

e,, is the pressure output
€,, is the blue velocity sensor output
€,; is the green velocity sensor output

€, is the red velocity sensor output.

3



Sensor 2:

€,, is the pressure microphone output

e,, through e,, are zero

(since the Aco microphone has no velocity outputs)
Sensor 3:

€,, is the pressure output
e;, is the blue velocity sensor output
€, is the green velocity sensor output

e,, is the red velocity sensor output

The direction axes of the Microflown sensors are not perfectly orthogonal
nor exactly aligned with the X, Yy, Z axes as defined by the holding fixture. In
practice, this had little effect and was confirmed to be negligible through testing.

In this discussion, the elements are treated as perfectly aligned and orthogonal.

Let (012’¢12)be the direction of the Maximum Response Axis (MRA) for
the blue vector sensor on Sensor 1, (913’@3)be the direction of the MRA for the

green vector sensor on Sensor 1, (014’¢14)be the direction of the MRA for the
red vector sensor on Sensor 1, etc., The velocity element unit vectors are given
in terms of the direction cosines by
U,,, =Siné,, cos¢@,X +sind,sing,y +cosé,,z (Eq. 2.1)
U,,, =SiN 6, C0S@,X +SiN G, Sin g,y +c0s 4,2 (Eq. 2.2)
U,,, =siné, cosg,X+sind,sing,y +cosé,,z (Eq. 2.3)
U,4, =SiN G, COS ¢, X +SiN G,, Sin ¢, Y +€0S 6,7 (Eq. 2.4)
U,qq = SIN @y, COS ¢, X +SiN By, SiN @, Y + COS 0,7 (Eq. 2.5)
Uyqs =SIN G, COS P, X +SING,, SiN g, Y +C0OS O, 2 (Eq. 2.6)



The beamformer combines the nine element channels with electrical

outputs, with the other three channels, e,, through e,,, being dummies.

There are three steps to beamform the array in a steer direction ('95’¢3).
First, the amplitude and phase of each of the eight Microflown vector sensor
channels relative to the Aco microphone, i.e., the transfer functions, need to be
established. The transfer functions between particle velocity sensors and
pressure sensors are measured along the MRA of the velocity sensor. 1t is
necessary to determine whether or not the transfer functions are functions of the
signal amplitude and whether or not the phase of the vector sensor transfer
functions relative to the pressure sensor is a function of the angle of incidence of
the sound wave. A 180° phase shift in the transfer function is expected when
sound is coming from the —MRA direction, but any possible off axis phase

dependence needs to be determined.

For the sake of the beamforming theory, we assume here that the transfer
functions are not dependent on source amplitude and that the phase is
independent of both polar and azimuthal angle. The restrictions on the validity of
these assumptions will de discussed in Chapter VI. The signals from each
velocity and pressure element on the Microflown sensors are translated to the
proper amplitude and phase for beamforming by using the measured transfer
function between it and the center ACO microphone. This was done in two steps
by measuring the transfer function between the each of the velocity sensors
relative to the co-located pressure sensors and then using the transfer function
between the Microflown pressure sensor and the ACO. For example, the overall

transfer function between the blue 323 sensor and the ACO is given by

- X, (K
H”Z(k):Xm—Ek;' (Eq. 2.7)
12

This was computed from the measured transfer functions as,



t12 - -~ . . L.
Xy (k) Xy, (k)
Using the overall transfer function, the amplitude and phase of the blue velocity

signal on sensor 1 can be converted in the frequency domain as

Xc,, (k)= Xy, (k)Hy, (k). (Eq. 2.9)
where )2012 (k) is the corrected version of €, in the frequency domain.

The next step is to adjust the weight of the vector sensors to steer the
beampattern in the desired direction. The unit vector in the steer direction is

given by

U, =Sin @, cosg.X +sin 6. sin g,y +cos b,z (Eq. 2.10)

The amplitude weighting of €, should be
Ug Uy, - (Eq. 2.11)
This also accounts for the 180° phase shift from +MRA to -MRA.
The final step is the conventional beamforming sum, i.e., taking the phase
shift due to the spatial position of the sensors into account. Given a distance of
d between sensors, the phase shift between the Microflown sensors and the

Aco pressure sensor is given by
i27(m-2)kf,d cos g,
o =exp Ne , (Eq. 2.12)
where m is the sensor number, Kk is the frequency bin number, fs Is the

sampling frequency, N is the Digital Fourier Transform length, C is the speed of
sound, and &, is the polar angle.

The output of the beamformer steered in direction GS, is given by

R 3 4 —i27r(m—2)kfsd cosds
S(k)zz XCrn (k)(uemn -us)exp Ne . (Eq. 2.13)
m=1n=1
All the pressure microphones are nominally omnidirectional, therefore

A~

L]en'l] :0e21'us :Ge31'a =1. (Eqg. 2.14)

S S

The Aco microphone has no velocity elements, therefore
X, (K)=X(k)=X,(k)=0 (Eq. 2.15)
6



The Aco is also the reference element, therefore

Xc, (k) =X, (k). (Eq. 2.16)
B.  USE OF TRANSFER FUNCTIONS FOR BEAMFORMING

Theoretically, the acoustic particle velocity of a planar sound wave differs
from its pressure by a factor equal to the specific acoustic impedance of the
medium. In practice, the amplitude and phase sensitivity of each sensor used to
measure these quantities must be known in order to determine the actual
pressure and particle velocity. Although detailed calibration curves for the
Microflown sensors were available, any influence on the sensitivity of the sensor
due to its placement in the jig would not be taken into account with the free-field
calibration data. Furthermore, the sensitivity of the conventional Aco microphone
also needs to be taken into account before beamforming. To alleviate the need
for using the calibration curves for each sensor to correct the time domain output
to the actual pressure or particle velocity, the transfer functions were measured
between each of the Microflown channels and the Aco microphone. This made it
possible to scale all Microflown channels to a signal commensurate with the Aco
signal. Both the correction and the subsequent beamforming were carried out in
the frequency domain. The discussion which follows explains the theoretical
difference between the acoustic particle velocity and the pressure for the general
case of a spherical wave and then goes on to explain how the transfer functions
were used to scale the Microflown signals prior to beamforming.

To start, the direction of the actual velocity element MRAs are given in

conventional direction order X,Y,Z. The numerical order of the elements is

consistent with the discussion above and the array coordinate system below.

They are based on the channel assignments on the Microflown signal

conditioner. Thus, the coordinate and numerical schemes are not in the same

order. The blue sensor is first in numerical order after the pressure sensor.

Therefore, it is assigned element number 2, but has its MRA along the Z axis.

The green element comes next, so it is assigned element number 3, but it has its
7



MRA along the x axis. Finally, the red sensor is last, so it is assigned element

number 4 and has its MRA along the y axis.

Assume the velocity elements are perfectly aligned with the coordinate

axes, so
Usys (Eq. 2.17)
(650 85) (90 90°) (Eq. 2.18)
Uy =Y (Eq. 2.19)
(914,¢14) = (90°,0°) (Eq. 2.20)
U.y, = (Eq. 2.21)
512’¢12 (0 any) (Eq. 2.22)

then,

V,; =V sindcos¢ (Eq. 2.23)
V,, =Vsindsing (Eq. 2.24)
V,, =V cosd. (Eq. 2.25)

Where V,;,,,, are the amplitudes of the velocity responses of sensor 323
on the green, red and blue elements respectively, for an incoming signal in the

direction of (&,¢4). The value V is the magnitude of the acoustic particle

velocity which would be measured by a velocity sensor whose MRA

corresponded to the direction of the incoming wave.

Assume a normalized spherical wave is incident upon the sensors defined
by
ikr .
YN P (Eq. 2.26)
rr
where A is the amplitude of the signal and Kr is the phase of the signal relative

to its origin. The corresponding velocity response is

; ; ikr ;
g=—typ= A E (ikr—l)in(lJrLjf (Eq. 2.27)
wp kpc r oo kr
Neglecting direction, the expression is
yo_JAe" _(ikr —1) = Ve* (Eq. 2.28)
wp r
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where
A

V=———(kr)" +1 (Eq. 2.29)

wpr
and ¢, =kr+tan™ (%) (Eq. 2.30)

In the far-field when kr >>1, these expressions reduce to
V= A , ¢, =kr,
ocr
ikr
and VEAG - P (Eq. 2.31)
pc r  pC

which are the plane wave limits expected. Therefore, assuming that a particle
velocity sensor is oriented to pick up the outgoing radial component of the
acoustic wave, its signal will be in phase with the pressure, and the amplitude will

differ by a factor of pc.

Now the measured amplitude and phase of all channels depends not only
on whether pressure or particle velocity is being measured, but also on the
sensitivity of the sensor. Therefore, there will be some additional amplitude and
phase mismatch that needs to be corrected prior to beamforming. To account for
this, the transfer function between each velocity channel and its on board
pressure sensor is measured along its MRA. Since the three velocity sensors
are co-located with their pressure sensor, errors in phase are minimized. These

transfer functions can be expressed as

~ Xy, (k)
H.(k)==2~2, Eqg. 2.35

~ X1 (k)
Hy, (k) ==, Eq. 2.36
14( ) X14(k) ( q )
and H,, (k)= >f“(k) (Eq. 2.37)

Xi, (k)

where I:I13(k) is the transfer function as a function of bin frequency (k), )211 is

the auto-spectral density of the 323 pressure sensor, and )213 is the cross-



spectral density between the 323 pressure sensor and the 323 patrticle velocity

sensor oriented along the positive x-axis.
Once these transfer functions are known, the output from each of the
vector sensor channels can be scaled to its on board pressure sensor. Assume

that the source is in the direction (6,¢). Letting f,, (k) be the output of the 323

pressure sensor in the frequency domain and \713(k) be the output of the 323

particle velocity sensor, we get the correctly scaled particle velocity signal as:

Vi :\713(k)|:|13(k)= ﬁn(k)sin gcosg, (Eq. 2.38)

This result is a velocity component, scaled to match the pressure
component, and either in phase with the pressure response or 180° out of phase
depending on the source position. The amplitude of this velocity component is
less than or equal to the pressure due to the response of the velocity sensor to
signals coming from an off-MRA direction. Similar results are obtained for the
other particle velocity channels.

Ve = Uy (K) Hyy (K) = Py (K)sin Osin g (Eq. 2.46)
Ve =iy (K)Hy (K) = Py (K)o (Eq. 2.47)

The same procedure is carried out for Sensor 3 with only a change in

indices, i.e., H32(k), Hss(k) and H34(k). To further reference these
channels to the central Aco microphone, the transfer functions between the

Microflown pressure sensors and the Aco microphone are measured as well.
C. CHARACTERIZING THE SENSORS

Based on the reasoning above, the following steps were used to

characterize the sensors and establish the transfer functions.

1) The pressure sensor transfer functions between the three pressure

sensors were determined by exposing them to the same acoustic pressure and

10



phase by placing them at the same distance from the source signal in order to

avoid any path length differences. This produced the transfer functions If12 (k)
and F,, (k).

2) The velocity sensor transfer functions relative to the onboard pressure
sensor for each Microflown vector sensor were determined with the source signal
aligned with the MRA for each velocity element separately. This resulted in six

different velocity transfer functions denoted by

Hy, (K), Hyg (K), Hy, (K), Hap (K), Hyg (k) and Hy, (K).
3) The angular relationships of the velocity sensors to their respective
MRAs were recorded and stored as the values of
(912’¢12)’(013’¢13)’(014’¢14)’(932’¢32)’(933’¢33) and (934’¢34)'
These are used to determine absolute orientation of the sensors in the array.
During testing, the velocity elements of the vector sensors were determined to be
close enough to orthogonal to treat them as such. See the characterization

discussion below for details.

4) The corrected values can then be computed from each channel and the

appropriate transfer functions as follows:

Xcll(k): lflz(k)in(k) (Eg. 2.52)
XClZ(k): Alz(k)HAlz(k))zlz(k) (Eg. 2.53)
)2C13(k): Alz(k)l:lls(k))zls(k) (Eq. 2.54)
2014(k): 'flz(k)HAM(k))Zm(k) (Eq. 2.55)

>2Csl(k): If32(k)>231(k) (Eq. 2.56)
>2Caz(k): If32(k)|:|32(i<)>2f;,»2(l<) (Eq. 2.57)
)2033(k) = lfsz (k) I:I3 (k) ng(k) (Eg. 2.58)

and XAC34(k) - If32 (k) |:|34(k) 234(k)- (Eq. 2.59)

5) The steering vector was defined as above as

U, =sin 6, cos@ X +sin b, sing,y+coso.Z. (Eq. 2.10)
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6) The beamforming expression remains

~i27(m-2)kfsd cos s

§(k) = iimen (K)(Gemn - G5 ) exp

m=1n=1

. (Eq. 2.12)

As before, all of the pressure microphones are nominally omnidirectional,

therefore
uell ) us = ue21 ) us = ue31 ) us :1'
The Aco microphone has no velocity elements, therefore

X, (k)= Xy (k)= X, (k) =0,

The Aco is also the reference element, therefore

Xcy, (k)= Xy (K).

12
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llIl.  THE SENSORS AND TESTING EQUIPMENT

A. HARDWARE AND SOFTWARE

The sensors and data acquisition (DAQ) equipment used in testing and
evaluation are listed below. Figure 2 shows the monitoring station outside the
Anechoic Chamber, consisting of a digital voltmeter to monitor nominal array
polar position, the rotator controls and a laptop computer that collects the data
streams via the DAQ. The technical specifications and calibration data are
included in Appendix A. All data was collected with the Microflown signal
conditioner set to High Gain with the correction off. The wire screen covers on

the Microflown sensors were removed.

Figure 2. Photograph of Array Monitoring Station Outside of Anechoic Chamber

e Aco Pacific Calibrated Pressure microphone — Cartridge Model 7046
e Aco Pacific 1/2" preamplifier — Model 4012

e Microflown Holland Four Channel Ultimate Sound Probe — Model
UT0901-23, designated Sensor 323 below

e Microflown Holland Four Channel Signal Conditioner — Model E0901-
23

13



Microflown Holland Four Channel Ultimate Sound Probe — Model
UT0901-24, designated Sensor 324 below

Microflown Holland Four Channel Signal Conditioner — Model E0901-
24

National Instruments CompactDAQ USB Chassis — Model NI 9172

National Instruments Sound and Vibration DAQ Module — Model NI
9234 (3 total)

Dell D820 Laptop Computer

Hewlett Packard Function Generator — Model 33120A

Keithly Programmable Electrometer — Model 617 (Digital Voltmeter)
Tektronix Digital Oscilloscope — Model TDS 210

Vifa 5" loudspeaker — model P13WH-00-08, mounted in a sealed 10.6
liter enclosure with no crossover.

Techron Mono/Stereo Two Channel Amplifier — Model 5507, 240W
Philips Universal Frequency Counter — Model 6669

Calculated Industries Laser Distance Meter — Model Prexiso X2 (2
total)

Johnson Self Leveling Laser Level — Model 40-6620

Motorized rotator mechanism with gear reduction transmission and
potentiometer used as an angular position indicator.

Data acquisition conducted with National Instruments LabVIEW
version 8.5.

Post-processing and plotting completed using MathWorks MATLAB
versions R2007b, R2008b and R2009b.

THE APPARATUS

The Microflown sensors have no calibrated registration slots, keyways or

even markings on the exterior of the probes to reference the velocity element

Therefore, they may only be roughly aligned by eye to a coordinate

Once aligned and the transfer functions calculated, if they were

removed and reinstalled, they would have different orientations relative to the

array and to each other. Thus, they would require realignment and calculation of

14



new transfer functions every time data collection was performed. To eliminate

this problem, a fixture was designed to hold the sensors permanently in place.

This fixture needed to secure the sensors against rotation or movement
relative to one another, but it also had to be portable and sufficiently small so it
did not have a negative affect on the measured sound field due to reflections.
After construction, the apparatus had to be capable of being removed and
reinstalled in the test chamber or taken to the operational environment without
losing positional alignment. Figure 3 shows the design of the fixture (Appendix H
contains the measured specifications). Figure 4 shows the completed fixture as

constructed.

.................

Figure 3. Sketch of the Array Fixture
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Figure 4. The Array Fixture with Sensors and Laser Distance Meter installed

The fixture was designed and constructed locally at Naval Postgraduate
School. The primary carrier for the three sensors is made from 1 1/2" thick High
Density Poly Ethylene (HDPE) plastic. The HDPE was machined with tight
tolerances to secure the Microflown sensors in fixed positions well enough to
allow removal and reinstallation of the fixture for the various experiments. During
initial testing with the sensors mounted in lab clamps, rotational and vibrational
noise was evident in the velocity element frequency plots. The mass of the
apparatus and the rigid mounting helped to damp out vibrations and quiet this

noise a great deal.

The five holes are spaced at 8.5cm. This spacing was chosen for
flexibility. With a design frequency of 1kHz, corresponding to a wavelength of
34cm, the half-wavelength spacing for the array elements placed them at 17cm
apart. This is the spacing between the outer positions and the center position.
The actual distance, measured after construction, from the center of the Aco
microphone to the center of the Microflown was 17.2cm. As shown in Figure 5,
the velocity elements sit on either side of the 3.5mm central pressure
microphone. Therefore, the individual element spacing can vary by about
+2mm. At the frequencies tested, this variance is inconsequential.
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Figure 5. The Microflown Sensor Elements

The holes also needed to pass the sensor cables out the top and allow the
cables to be removed if necessary while not disturbing the sensor mountings.
Contours and holes were machined around the sensor mounting locations to
reduce the mass and to minimize the reflections from flat surfaces on the fixture.
After construction and mounting of the sensors, the entire apparatus was
covered with 1 1/2" egg crate foam rubber to further reduce reflections.

The central shaft is aluminum tubing. A slot was milled in the side of the
tubing to allow the 3/4" plug from the Aco pressure microphone lead to pass out
of the shaft and to the DAQ equipment. A steel fitting was press fit into the end
of the tubing and secured. A standard laboratory apparatus rod was secured into
the steel fitting with a screw. The rod in turn fits into the rotator mechanism in the
anechoic chamber for positioning and rotational analysis.

The central shaft may be removed and placed into the upper hole coaxial
with any of the sensor mounting holes. This allows the beam patterns of the
Microflown sensors, which reside on the outboard stations, to be determined

without needing to compensate for off axis rotation and path length differences.
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The fixture axes were labeled to avoid confusion. Figure 6 shows the axes of the
completed apparatus. When in the rotator the array operated with the X axis

pointing down. When capturing live data it was generally in the X up orientation.
C. ARRAY COORDINATE SYSTEM

The array uses standard spherical and Cartesian coordinate systems with
the origins co-located at the omnidirectional Aco microphone. The Z axis
extends along the long axis of the fixture, with positive Z projecting from the Aco
toward the 323 sensor. The Xaxis extends along the longitudinal axis of the Aco
sensor, with positive X projecting out of the face of the Aco away from the
central rotating shaft. The Yy axis follows standard right-hand convention and
projects away from the Aco normal to the large flat side of the fixture. Polar &

and azimuthal ¢ angles are measured in the standard manner, with & clockwise
from positive z toward negative zZ, and ¢ counter clockwise in the Xy plane
measured from the Xaxis. The range of & is from 0 to 7, and ¢ is from —x to

.

Figure 6. Photograph of the Array Fixture with Axes Labeled
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Figure 7.  Array Orientations and Axes of Rotation for Testing, Aco Microphone
at Center with Microflown Sensors On Either End

Figure 7 shows the various array test orientations with their associated
axes of rotation while mounted in the rotator apparatus. A laser ruler was affixed
with its base at the origin and aligned with the z axis. Another laser ruler was
affixed to the top of the loudspeaker cabinet with its face even with the face of
the loudspeaker driver. In anechoic chamber testing, the source and array origin
remained at a fixed distance. The array was rotated about the origin and the
polar angle determined. To determine the polar angle, the laser on the array was
illuminated and a target was placed in front of the 0° point of the z axis where it
was marked by the laser. The laser affixed to the loudspeaker was rotated,
keeping its face even with the face of the driver, until the spot of the laser was
coincident on the target with the spot from the array laser. The two
measurements were recorded. The distance from the loudspeaker to the array
origin was verified and the polar angle determined using the law of cosines. Due
to difficulty in apparatus construction, only azimuthal angles of 0° and 90° were
used during testing. Figures 8 and 9 show the method and execution of

determining polar angles.
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Figure 8. Method for Determining Polar Angles, View From X Axis

Figure 9. Measuring the Polar Angles With Laser Distance Meters
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IV. TESTING METHODOLOGY AND INITIAL
TROUBLESHOOTING

A. SAMPLING FREQUENCY

The National Instruments Data Acquisition (DAQ) equipment uses a
master internal timebase of 13.1072MHz. The sampling rate is controlled by the
first installed module with a maximum of 51.2kHz. All other sampling rates must
be integer divisions of the maximum according to the formula
B f,, /256
= T

where f,, is the master clock rate and n is an integer from 1 to 31 (National
Instruments, n.d).

f

S

(Eq. 4.1)

It is possible to enter non-allowed sampling rate values into the LabVIEW
vi window when programming. If an invalid rate is entered, the equipment will
adjust the sampling rate to the nearest allowed rate. There is no warning when
this is done and the sampling rate is still displayed with the invalid value in the vi
window. Care must be taken to use only allowed rates and ensure all software
post-processing is done with the actual sampling rates. Curiously, the default
rate in LabVIEW is 25kHz, an invalid rate. Processing data files and conducting
Fourier transforms using mismatched frequencies created a great deal of

confusion early in testing.

The sampling rate chosen for all testing and data collection was 25.6kHz,
which produced a Nyquist maximum usable frequency of 12.8kHz, well above the
region of interest. This high sampling rate was chosen to ensure that the transfer
function was calculated at a sufficiently fine resolution in the frequency domain.
At 25.6kHz, a Fourier transform length of 65,536 (2'°) corresponding to 2.56s
worth of data produced a frequency resolution of 0.391Hz per bin. The data was
recorded as twelve simultaneous channels and saved in binary format. Table 1

shows the channel scheme that was used.
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DAQ and MATLAB Data Channel Assignments
DAQ MATLAB . DAQ MATLAB .
Channel Function Desig Coupling | Channel Function Desig Coupling
1 USP323 | o1 AC 7 Second src2 AC
Pressure Source
USP 323 Position .
2 Blue blul AC 8 Voltage psit DC
USP 323 USP 324
3 Green grnl AC 9 Pressure prs3 AC
4 USP 323 redl AC 10 USP 324 blu3 AC
Red Blue
Aco USP 324
5 Pressure prs2 AC 11 Green grn3 AC
6 First srcl AC 12 | USP324 1 o3 AC
Source Red
Table 1. Binary File Sensor Element Channel Assignments

The data streams for the polar plots were captured as 12 chunks of
200,000 data points per chunk per channel, for a total of 2,400,000 data points
per channel. At the sampling frequency of 25.6kHz, this produced a data stream
93.75 seconds long. The source was a 1kHz tone at 1Vpp.

The data streams for the transfer functions were captured as 40 chunks of
65,536 (2'°) data points per chunk per channel, for a total of 2,621,440 data
points per channel. At the sampling frequency of 25.6kHz, this produced a data
stream 102.4 seconds long. The source was white noise at 5Vpp.

B. VOLTAGE INDICATIONS OF ROTATOR POSITION

The rotating mechanism consisted of an electric motor, gear reduction
transmission and a potentiometer. A nominal 1.5V dry cell battery was attached
As the shaft, and thus the

potentiometer, rotated the wiper arm moved along the windings, changing the

across the contacts of the potentiometer.

proportional voltage divider created by the potentiometer leads. Voltage readings
This

produced a general estimate of rotational position vs. voltage with a scale of

were taken between the wiper and one contact of the potentiometer.

~1.5V per 360°, or 240mV/degree. The shaft of the mechanism was notched for
a keyed screw to secure the shaft at the attachment point. With the sensors

installed on the shaft, the voltage transition point from 0V to 1.5V was roughly
22



designated as € =0°. Figures 10 and 11 show the rotator controls and the

simplified electrical circuit for monitoring rotation position within.

Figure 11. Rotational Position Indicator Battery
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The mechanism transited a complete 360° circle in approximately 60
seconds. It was necessary to ensure two "over the top" voltage transitions from
0 to 1.5V were captured during the 93.75 second data stream. These transitions
were used as the beginning and ending cut points in the data stream to ensure a
complete continuous 360° of data were processed. To accomplish this,
recording was started with the sensors in an orientation approximately +90° to
the 0° axis, corresponding to voltage readings of approximately 0.3V and 1.1V.
It made no difference whether the mechanism rotated clockwise or
counterclockwise. Both directions were used. Figure 12 shows the full 96-

second voltage trace of a single data stream.

Figure 12. Complete Data Trace of the Voltage Position Signal

The voltage output of the rotator mechanism was used as a reference
guide only. Response of the sensor itself was used to determine the actual polar
positioning of the beam pattern during post-processing. The voltage output was
not sufficiently calibrated to provide fine enough resolution to determine precise
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positioning, nor was it absolutely repeatable after removal and reinstallation of
the apparatus. The voltage signals from the potentiometer were oscillatory due
to the bouncing of the wiper arm across the windings while the unit was in
motion. Figure 13 displays the stepped transitions and oscillatory behavior.
Figure 14 shows the voltage overshoots at the potentiometer wiper transition
point. This prevented fine measurements or exact readings. There was also
considerable backlash in the gear mechanism when changing rotation directions,
clockwise or counter-clockwise. The voltage readings were only used to aid
general alignment and to indicate the point to start data capture. Additionally,
voltage overshoots above 1.5V occurred due to induction at the transition points

as the wiper moved across the potentiometer gap.

Figure 13. Close Up of the Voltage Position Signal with Stepped Transitions
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Figure 14. Noise and Overshoot of Voltage Position Signal

To negate this effect and the possibility of a partially discharged battery, a
voltage level of 1.3V was used as the indicator for the transition cut point. The
occurrence of any arbitrary voltage, sufficiently far away from the over the top
transition points, could be used to delineate a complete circle of data. This was
possible since, once in motion, the rate of rotation of the shaft was generally
constant at the macro level. Thus, although 1.3V was used here, 0.3V or any

other value in between could have worked equally well.
C. NOISE AND GROUNDING

During initial testing, unknown frequency components were discovered in
the signals from the Microflown sensor. These frequency components were
spaced approximately 60Hz apart, indicating they were noise from the electrical
system. The power supply for the National Instruments 9172 chassis has a three
prong grounded plug. The power supply for the Microflown has a two-prong
plug. There was no common ground to the system. A grounding wire was fitted
between the NI 9172 chassis external ground point and a screw on the exterior
metal case of the Microflown signal conditioner. As an extra measure of

protection, this wire was fitted to the ground plug of an ordinary three-prong plug
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and grounded to Earth ground through the equipment power strip. A three prong
grounded power supply could be substituted for the Microflown signal conditioner
and would make a significant yet inexpensive upgrade. After the system was

grounded the 60Hz noise was suppressed.

There are still low-level random frequency components in the signals used
to process the polar plots as seen in the frequency domain plots, Figures 15 and
16.

Figure 15. Sensor 323 Low Frequency Noise While Rotating
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Figure 16. Sensor 324 Low Frequency Noise While Rotating

These components are not present in the pressure sensor traces but do
exist in the velocity sensor traces. This noise is caused by motion and vibration
of the rotator mechanism itself. When the apparatus moves, air flows over the
velocity sensors, causing a temperature differential, which is recorded as voltage
signals at random frequencies. It is not present when the mechanism is
stationary. The amplitudes of these noise signals are so low compared to the
source signal that they can be ignored. Windowing the signal around the signal
of interest further increases the signal to noise ratio, reducing the effect of this

noise.
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V. BEAM PATTERNS OF THE MICROFLOWN SENSORS

A. METHOD

Characterization of the Microflown sensor began with determining the
natural beam pattern of the individual sensors and their geometric relationship to
one another. The Microflown was placed in a rotating fixture coaxial with the Aco
microphone. The sensors were arranged such that the top surfaces of the two
sensors faced each other with a gap of approximately 2cm. In order to minimize
difference in path length effects from an off center mounting, the central axes of

both sensors were aligned coaxial with the center of the rotating shatft.

Figure 17. Source Signal Used for Polar Plot Testing

A source with frequency of 1kHz and amplitude of 1Vpp was fed into an
amplifier, which in turn drove the Vifa loudspeaker. This signal is shown in
Figure 17. Using an array aperture of R =5mm, the far field was calculated as
(Ziomek, 1994)

7R® _ 7(0.005m)?
A (0.340m)
The loudspeaker was placed well in the far field at a distance of approximately

== =0.0002m . (Ea.5.1)

190cm. The rotator mechanism was energized and the data stream recorded.
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B. POST-PROCESSING TO DETERMINE POLAR BEAM PATTERNS

Post-processing consisted of five steps.

1) A continuous 360° stream of data was extracted from the 93.75 second
data stream. Cut points were determined using the recorded voltage trace as
described in Chapter IV.B.

2) The data was de-meaned and basebanded in the time domain. The

baseband value was centered on the frequency of interest f, =1000Hz by

127 fot

multiplying the signal by e

3) The data was Fourier transformed into the frequency domain where the
data was lowpass filtered to remove the sum frequency resulting from the

basebanding.

4) The data was inverse Fourier transformed back to the time domain and
plotted on a polar plot across a full 360° in@. Plots were produced as both
relative amplitude responses by sensor element and as normalized plots with all
element response amplitudes equal in magnitude. The normalized plots aided

sensor orthogonality examination.

5) Finally, the polar plots were aligned to the actual axes of the sensor
using the minimum response of the red element. Since the +MRA of the red
element is at #=90°, the minimum response of this element corresponds to the
0° axis. The minimum response point was determined by first finding the
minimum response points in each half of the data stream, then taking the
average of these two indices. The data was realigned using this index as the
new 0° marker and re-plotted. Discontinuities in the polar plots appear at the
seams, but these do not detract from the overall value of these plots. Using the
discontinuities as guides, the range of angular rotation required to realign the
plots can be readily observed. Figures 18 and 19 demonstrate how the start and
stop points of the data capture (angular position of the apparatus when data
capture is initiated) can differ widely between subsequent data collections.
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Regardless of these differences, the voltage position indicator and realignment
routine used to determine the cut points and rotation produce similar final results.
Comparing the before and after plots of both sensors, the plot for sensor 323 on
the left required a much larger degree of realignment than the plot for sensor 324
on the right, 130° vs. 5°. Thus, the data capture can begin at an arbitrary angle

and still deliver satisfactory results with this method.
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Figure 18. Uncorrected Polar Plots
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Figure 19. Realigned Polar Plots
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C. RESPONSE AND BEAM PATTERNS OF THE INDIVIDUAL VELOCITY
ELEMENTS

The polar plots show the relative amplitude responses of the various
elements over the complete 360° of rotation. The expected “figure eight” beam
pattern of a directional element can readily be identified with the three velocity
elements. Similarly, the circular beam pattern of the omni-directional pressure
elements can also be readily identified. Since the MRA of the green element is
perpendicular to the plane of rotation it has nearly no response to the test signal
at all angles during the test. In the normalized plots, Figure 20, its response is
greatly exaggerated. Also, note the nominal orthogonality of the three velocity
sensors with their individual beam patterns at right angles to one another. Due to

difficulty in apparatus construction, no rotation was performed in the ¢ direction

for these tests. Therefore, the MRA response of the green element was not
actually tested. However, with the information from these polar plots and the
static test data collected for the transfer functions in Chapter VI, a reasonable
conclusion can be drawn regarding its orthogonality and sensitivity relative to the

other elements.

" Red3

Figure 20. Realigned Normalized Polar Plots
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D. ORTHOGONALITY OF THE VELOCITY ELEMENTS

The individual velocity elements are nominally orthogonal to one another,
but they are not absolutely orthogonal. This is most readily apparent in the

realigned normalized polar plots in Figure 20.

Since the plots were aligned using the red element as the reference, the
red element plots display as perfectly orthogonal on the polar plots. The blue
element plots are not perfectly aligned however. In both figures, the blue
element beam patterns are rotated approximately 5° from perpendicular relative
to the red plots. The maxima of the blue element responses lie at approximately
5° and 185° rather than 0° and 180° as expected. Similarly, the green
element and blue element plots do not exactly align. This latter point is most
readily apparent on the plot for sensor 324, where the green element plot is
displaced an additional 10° from the blue element beam pattern, or a total of

15° from the absolute reference.

The non-orthogonality of the velocity elements is partially mitigated by the
slope of the response near the maxima of the beam patterns. The amplitude of
the response in the region £10° on either side of the positive and negative MRA
axes is nearly constant, even more so in the region +5° of the MRA axes.
Because of this, no provision was made to account for the lack of absolute

orthogonality of the velocity elements in the beamformer.
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VI. CHARACTERIZING THE RESPONSE OF THE VELOCITY
ELEMENTS AND CALCULATING TRANSFER FUNCTIONS

A. METHOD

The next stage of characterization of the Microflown sensors was to
calculate relative transfer functions between each element in the array to a
common reference. All of the data for the transfer functions was taken with the
sensors in their final positions within the array. This was done to preserve the
relative positions in three dimensions to preclude recalculation of the transfer
functions upon successive data collection efforts.

The hybrid linear array was constructed with the Aco microphone at the
center, the Microflown 323 sensor 172mm away in the positive zZ direction and
the Microflown 324 sensor 172mm away in the negative z direction. The Aco
was designated as the origin of the coordinate system for all calculations of
distances and angles. The response axes of the Microflown sensors were
aligned relative to the axes of the array. To accomplish this, the array was
mounted at # =90°. Using an array aperture of R = 340mm, corresponding to
the total length of the array, the far field was calculated as (Ziomek, 1994)

2 2
L

A 1kHz source was placed in the far field. A laser level was used to

FF = (Eg. 6.1)

ensure the all sensors were in the same plane and also co-planar with the
midpoint of the source driver. An oscilloscope and digital voltmeter were used to
monitor the response amplitude of the blue elements. The Microflown sensors
were rotated about their longitudinal axes within their mounting holes in the
fixture until the minimum response was determined. The minimum response of
the blue elements corresponds to @ =90°. This aligned the MRA of the blue
elements to & =0°, the longitudinal axis of the fixture and the z axis of the
coordinate system. The fixture was held fixed while adjusting the sensors in

order to preserve its absolute aspect relative to the source. Figure 21 shows
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aligning the array plane with the centerline of the loudspeaker using a laser level.
Figure 22 shows the equipment setup and procedure to align the sensors in the

array.

Figure 21. Ensuring the Array is Coplanar with Source, Note Foam Cover

Figure 22. Aligning The Sensors in the Array Using an Oscilloscope

Once the sensors were aligned, their positions were secured with nylon
setscrews. Witness marks were made along paper tape markers on the fixture

and sensors in order to provide a means of monitoring the sensors’ positions in
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the fixture, and as a means to restore the sensor position without recalibration

should they need to be removed from the fixture.

The transfer function signal was a white noise source with an amplitude of
5Vpp. This signal was then fed into the amplifier that drove the Vifa loudspeaker
with an average amplitude of ~7Vpp. The source and receiver spectra are
shown in Figures 23 and 24. The loudspeaker was placed in the far field at
distances over 2m for each data collection series. The measurements for the
transfer functions were taken in static positions corresponding to the MRAs of

each of the three velocity elements.

Figure 23. Source Signal Used for Determining Transfer Functions

Figure 24. Frequency Components By Element With Array Aligned to Blue MRA
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Velocity Elements Angles and MRAs
Velocity .
Element 0 ¢ MRA Axis
Green 90° 90° X
Red 90° 0° y
Blue 0° 90° Z
Table 2. Angular Alignments by Element Used in Determining Transfer
Functions

Table 2 above shows the array orientations for transfer function data
capture by relevant velocity element. Three sets of data were collected in each
orientation. Each dataset was processed independently and the results for each
element were averaged to produce the final transfer functions. A transfer
function was obtained for each Microflown pressure element relative to the Aco
microphone. Transfer functions for the individual Microflown velocity elements
were obtained relative to their respective onboard pressure elements. The raw
transfer function plots, Figures 25-32 display all three data sets plotted together.
Note the close agreement and repeatability of the various data sets within each

plot.
B. CALCULATING THE TRANSFER FUNCTIONS

Post-processing consisted of four steps. In each of these steps, the data
was analyzed in chunks of 65,536 data points. Hanning windows were applied to
the time domain data, and successive chunks of data used an overlap equal to
one-half the length of the data chunk. The resulting complex transfer function
length was 32,768 (2*°) corresponding to a maximum usable Nyquist frequency

of 12.8kHz. The steps were:

1) A Magnitude Squared Coherence Estimate was calculated between the
two respective elements using mscohere. This function was used to verify
sufficient signal to noise level was present in order to validate calculation of the

transfer functions.
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2) A Cross Power Spectral Density estimate using Welch’'s method was

calculated between the two respective elements using cpsd .

3) A Power Spectral Density estimate using Welch’'s method was

calculated for the reference element using pwelch.

4) The final transfer function was calculated by dividing the Power
Spectral Density estimate of the reference element by the Cross Power Spectral

Density estimate calculated between the two respective elements.

Note the phase of the red and blue elements compared between the two
sensors in the plots, Figures 27 and 28 and Figures 31 and 32 respectively. This
indicates they have opposite +MRA axis polarities even though they are installed
in a physically identical orientation in the fixture with respect to the relative
position of each element. This is likely caused by the different polarities of the

element 